Abstract-A power-distortion (P-D) optimized coding modeselection scheme is proposed for variable bit rate videos in wireless code-division multiple-access (CDMA) systems. Unlike the conventional rate-distortion (R-D) optimized mode-selection methods, the proposed scheme takes into account time-varying channels. We show that the proposed optimization problem can be represented as the conventional R-D mode-selection problem, in which the Lagrangian multiplier depends on the channel conditions. In the proposed scheme, as the link gain of a user increases, the optimum mode for the user tends to be intramode rather than intermode, and vice versa. Numerical results show that, in CDMA systems, the proposed scheme consumes much less power at the same image quality compared with conventional R-D schemes.
I. INTRODUCTION
A CROSS THE WORLD, third-generation cellular communication systems are being introduced. These systems are designed to accommodate various multimedia services, which have a much greater data rate than past voice-only services. However, the greater data rates required by these multimedia services requires a greater transmit power for each mobile terminal. Because the capacity of a code-division multiple-access (CDMA) system is limited by the multiple-access interference (MAI), if the power transmitted by each user is reduced, intracell and intercell interference will be decreased, increasing the total system capacity [1] . Moreover, if the mobile's transmit power is reduced, its battery life can also be extended. It is, therefore, desirable to minimize the amount of signal power transmitted by the mobile, while simultaneously maintaining the desired quality-of-service (QoS) level. Because wireless video offers many opportunities for this type of optimization, there has recently been significant research activity examining power management for wireless video [2] - [7] . In particular, [2] - [5] have focused on the CDMA systems. In [2] , two efficient power-management schemes have been proposed for wireless video service in CDMA systems. Unlike the conventional scheme which aims for satisfying a fixed target bit-error rate (BER), the two schemes adjust the BER of each video packet according to the importance of the contained video data. Although these schemes considerably outperform the conventional scheme, they have been designed in a heuristic approach and they have not taken into account the image-frame dependency caused by motion compensation. To overcome this problem, in [4] , an optimum power-management scheme has been proposed, based on the model of the end-to-end distortion of INTRAframe refreshed image sequences. In [3] , a new resource-allocation scheme has been proposed to improve the bandwidth utilization. In [5] , Zhang et al. have studied a power-minimized bit-allocation scheme considering both the transmission power and the processing power for source and channel coding. For video encoders, one of the most important optimization tasks is to choose the most efficient encoding mode for each image region. For example, in H.263, each macroblock (MB) can be coded either predictively (intermode) or without dependence on previous frames (intramode). The MB can also simply be "skipped" and left unchanged from the previous frame; the skip mode can be considered as a special case of intermode. Over the past ten years, many researchers have studied optimum mode-selection schemes [9] - [13] . The aim of these schemes is to select the coding mode which minimizes the distortion for any given rate. That is, they optimized the coding mode in the sense of rate-distortion (R-D) tradeoff. This type of algorithm provides good performance for many applications, including wired networks and time-division multiple-access (TDMA) systems, where the capacity is limited by the total transmitted bit rate. However, as stated previously, the capacity of the CDMA system is limited by the total received power rather than the total transmitted bit rate. Thus, the previous R-D optimized scheme may not be efficient in CDMA systems.
In this letter, we propose a new optimum mode-selection method which is optimum in the sense of power-distortion (P-D) tradeoff. We will refer to this scheme as the P-D optimized mode-selection scheme. By trading off power against distortion, we can optimize performance for power-limited systems like CDMA. This letter is organized as follows. In Section II, we present our system model. In Section III, the previous R-D and the proposed P-D optimized mode-selection methods are described. In Section IV, we compare the performance of both methods. Finally, conclusions and directions for further work are presented in Section V. 
A. Channel Model and the Signal-to-Interference Plus Noise Ratio (SINR)
We assume Nakagami-distribution. Let be the channel power gain between the desired mobile terminal (MT) and the base station (BS). Then (1) where is the channel power gain due to multipath fading on the th path. Assume are independently, identically distributed (i.i.d.) random variables with where reflects the rate at which decay occurs. The probability density function (pdf) of is then given by [15] ( 2) where , , and are defined in [15] . For the wideband CDMA (W-CDMA) uplink that we consider, inner-loop power control is directed by the BS. For each power control interval, the BS measures the received SINR from a given MT, compares it to a prescribed target SINR, and generates binary transmit power-control commands every ms to raise or lower the power transmitted by the MT. Let , , and be the transmit power, the link gain, and the bit rate, respectively, used by an MT for the th power-control period. Let be the MAI plus thermal noise power received by the desired MT. Under the assumption of ideal power control, the SINR after despreading of the desired MT is constant and given by (3) where is the spreading bandwidth.
B. Variable Bit Rate (VBR) Transmission
In this letter, we assume a VBR mode in which no rate control is employed; each frame is encoded with a fixed quantization step size. To accommodate the VBR data over the wireless CDMA channel, a variable processing gain CDMA system [3] , [16] is used. We assume that the video encoder used is based on the H.263 standard, which allows the encoder to choose intra-, inter-, or skip mode encoding independently for each MB. Each MB is allocated the same amount of time for transmission; this transmission time is , where is the number of MBs per frame, and the number of frames per second. For example, the MB duration of a quarter common intermediate format (QCIF) video is 0.673 ms at , which is approximately equal to the power-control interval . For simplicity, in this letter, we will assume the MB duration is equal to .
III. OPTIMUM MODE SELECTION

A. R-D Optimized Mode Selection
Let be the coding mode for the th MB and power-control period. Let and be the induced distortion and the incurred rate, respectively, when mode is chosen for th MB. When the video data is transmitted over error-prone channels, can be expressed as follows [10] : (4) where depends on the coding mode of the th MB: for intracoded MBs, is the same as the error-free coding distortion; for skip-and intercoded MBs, is the quantization distortion plus the expected concealment distortion of the th MB from which it is predicted.
is the expected distortion induced by concealing an error decoding the th MB using the concealment method assumed by the encoder, and is independent of the coding mode used.
denotes the probability of error decoding the th MB.
The conventional R-D optimized mode-selection methods [8] - [12] are based on the following theorem [18] :
Theorem 1: For any , the solution to the unconstrained problem (5) is also the solution to the constrained problem subject to (6) where and . If the other optional modes, such as inter4v mode, are used, must be modified so that it includes the additional modes. The proof of Theorem 1 can be found in [18] .
This theorem states that if happens to be equal to the bit-rate constraint , then the choice of mode is optimal; it is the mode with the least distortion for which the encoded bit rate is less than or equal to [19] . Thus, for a given value, it is necessary to find which makes equal to . Over the past ten years, many methods have been proposed for determination of . For an error-free environment, Sullivan and Wiegand [9] obtained using the quantization step size. Côté et al. [10] extended Sullivan and Wiegand's work by showing that a value obtained in this way is still appropriate for an error-prone channel, and this method has been widely adopted [13] . Therefore, we will use this quantization-based method in this letter. Because we are using a VBR encoding with a fixed quantization step size, for any , . Thus, the Lagrangian multiplier is fixed and given by [9] , [10] ( 7) where is a constant. The R-D optimized modes are given by (8)
B. P-D Optimized Mode Selection in CDMA Systems
In this section, we extend the R-D optimization scheme above to a P-D optimized mode-selection algorithm for CDMA systems. Let be the transmit power of the desired user with mode during the th power control period or the th MB. Then (9) where (10) Now, as in Theorem 1, we can prove the following lemma:
Lemma 2: Assume the VBR mode presented in Section II. For any , the solution to the unconstrained problem (11) is also the solution to the constrained problem subject to (12) where . Using this lemma, we can find the optimum mode for a given power constraint , which is fixed when and are given. However, it is necessary to find an appropriate for a given value. Recall that, for Theorem 1, the quantization step size could be used instead of to find the appropriate Lagrangian multiplier . Similarly, we can use and to find the appropriate Lagrangian multiplier . Let , and rewrite (11) as (13) Note that plays the role of the Lagrangian multiplier for the unconstrained R-D optimization problem. Because varies with the link gain, varies with the time index , even if the quantization step size is fixed. However, if the channel is fixed, is also fixed, and (13) becomes the unconstrained R-D optimized mode-selection problem with a fixed Lagrangian multiplier. Because we have already determined that is the appropriate Lagrangian multiplier for this problem, we can find by setting the expected value of to be equal to (14) Because is given by (15) the constant satisfying (14) is given as (16) Finally, the P-D optimized modes are given by (17) where . Remark 3: As the link gain of a user increases, the power distortion-optimized mode for the user tends to be intramode rather than intermode, and vice versa, where we regard the skip mode as the special case of the intermode. The proof is given in the Appendix.
IV. PERFORMANCE COMPARISON
In this section, we compare the performance of the R-D optimized and P-D optimized mode-selection methods for CDMA systems. We assume Rayleigh flat fading environment with and . To model the Rayleigh fading, we use the Jakes model with a 1.8-GHz carrier frequency and assume the MT moves at a typical pedestrian speed of 4 km/h. We simulate a convolutionally-encoded CDMA system with code rate 1/2 and free distance 10. Also, , , and . 100 frames of two well-known QCIF image sequences are coded at 15 frames per second: the low-motion sequence Mother and Daughter, and the high-motion sequence Foreman. Because each frame consists of 99 MBs, the total number of MBs encoded is 9900. As in [10] , the constant is set to 0.45. For these simulations, we used a motion-compensated temporal error-concealment scheme. We set the motion vector of the missing MBs to the median value of the motion vectors of the adjacent blocks. If no surrounding motion vectors are available, the motion vector of the missing MB is set to zero. The simulation results are averaged across 50 independent trials. Finally, to determine the coding mode of an MB, the encoder must compute before the MB is transmitted. Because the actual value for is unavailable before the MB is transmitted, we estimate the current link gain using the link gain measured for the last MB. That is, we estimate using the delayed channel side information (CSI) (18) Fig. 1 shows the percentage of the intercoded and intracoded MBs for the R-D and the P-D optimum schemes when and the BER is . As predicted by Remark 3, for the P-D optimized scheme, the percentage of the intracoded MBs increases as the channel improves.
Let denote the peak signal-to-noise ratio (PSNR) degradation from the error-free PSNR of the R-D scheme. For , , and , respectively, the error-free PSNRs for the Foreman sequence were 35.4, 31.2, and 27.2 dB. For Mother and Daughter, the error-free PSNR values were 37.5, 33.7, and 30.6 dB. In order to compare the total transmit power by the R-D and P-D schemes for the same delivered distortion, we define the transmit power-usage ratio over the MBs as follows: (19) tively. We observe that, for CDMA systems, the P-D scheme provides significant power savings when compared to the R-D scheme. For example, Fig. 2 shows that, for the Foreman sequence, the total transmit power is reduced by over 10 dB when dB and . Thus, the P-D scheme saves the battery life of each mobile terminal considerably.
Because the capacity of the CDMA system is limited by the MAI, the total interference (intracell interference plus the intercell interference) is another important criterion for performance comparison. In the P-D scheme, the mode selection depends on the channel gain, and thus, the transmit power is correlated with the channel. Therefore, the amount of intracell interference is not linearly proportional to the transmit power. On the contrary, the intercell interference is proportional to the transmit power because the transmit power of a mobile in the desired cell is generally independent of the channel gains from the mobile to the BSs in other cells. In CDMA systems, the intercell interference to intracell interference ratio, , depends on the path loss, shadowing effect, and the handoff scheme [21] . In general, the path loss is modeled as the product of th power of distance and the shadowing is modeled as the log-normal variable with zero mean and standard deviation . When and dB, which are typical values, the ratio is given as follows: for hard handoff; for soft handoff reception by the better of the two nearest cells; and for soft handoff reception by the better of the three nearest cells [21] . Let and denote the total interference at the same values incurred by the R-D and P-D optimum mode-selection methods. Figs. 2 and 3 provide the ratio for various values. Numerical results demonstrate that the P-D scheme reduces the interference considerably, which results in the increased CDMA system capacity.
Finally, we consider the transmit power-gain penalty associated with the delayed channel knowledge as in (18) . For both the perfect CSI and the delayed CSI cases, we ran simulations. Fig. 4 demonstrates that the gain penalty increases as the mobile speed increases, and thus, the P-D scheme is particularly efficient when the mobile speed is low.
V. CONCLUSION AND FURTHER WORK
Because the capacity of a CDMA system is interference limited, it is important to minimize the total transmit power of the mobile terminals. However, this must be done without compromising QoS. To realize this, we have proposed an optimum mode-selection algorithm for transmitting digital video over a CDMA channel, which minimizes the distortion for a given power consumption value. Unlike previous optimum mode-selection methods, this scheme takes into account time-varying channel conditions. Furthermore, our scheme remains simple and can be implemented on resource-constrained MTs at minimal cost. Numerical results show that optimizing encoding for current channel conditions allows for greatly reduced transmit power while achieving the same average QoS as conventional schemes.
In this letter, we have assumed no rate control because we have focused on VBR transmission. For constant bit-rate (CBR) transmission, however, rate control must be considered in order to achieve a target bit rate. To this end, in many R-D schemes [8] , [11] , [12] , the Lagrange multiplier is chosen so that the target bit rate is satisfied while preserving R-D optimality. However, past systems have considered only R-D optimality, and not P-D optimality. Further work extending this type of P-D optimization to CBR video streams in CDMA systems would, therefore, be desirable. In addition, the power consumption for media processing should be also considered as further work because the power consumption may be considerable, especially when the intercoding method is used. , where and represent the intramode and intermode, respectively. Thus, we can say that as decreases, i.e., the link gain increases, the optimum mode tends to be intramode rather than intermode.
